repair mechanisms, reduces inflammation, and promotes cell survival (McElroy et al., 2012) . The reduction in EGFR signaling observed by Campbell et al. (2014) is therefore likely to be primarily responsible for the lifelong diarrhea affecting the child, which is analogous to the inflammatory bowel disease seen in the ADAM17-null individuals described previously (Blaydon et al., 2011) .
In addition to direct stimulation by its seven ligands, EGFR signaling can also be activated indirectly by the binding of unrelated ligands to their receptors on EGFRexpressing cells, such as by vascular endothelial growth factor-A and keratinocyte growth factor (FGF7). In these processes, binding of the ligands to their receptors triggers the shedding of an EGFR ligand (typically HB-EGF or TGFa) by an ADAM protease in an Src-or ERK-dependent manner; this ligand can then act as an autocrine growth factor to activate the EGFR. As such, signaling through the EGFR underlies the activity of numerous growth factors that are not direct EGFR ligands. For example, migration of epithelial and endothelial cells in response to FGF7 or vascular endothelial growth factor-A, which bind to specific, non-EGFR-related receptor tyrosine kinases, requires Src-dependent activation of ADAM17 and shedding of HB-EGF (Maretzky et al., 2011) . Therefore, signaling through the EGFR is important in cell migration and proliferation in a manner that can be independent of its ligands. EGFR transactivation also underlies the gastro-protective effects of prostaglandins, which are lipid mediators known to have key roles in gastrointestinal defense and regeneration (Pai et al., 2002) . Prostaglandin inhibition by either nonsteroidal inflammatory drugs or genetic disease results in severe intestinal disease.
This study provides an interesting contrast to other, previously reported, inherited epidermal diseases that also affect EGFR signaling. In this study, the disease-associated EGFR mutation increases the susceptibility of the EGFR to endocytosis, thereby resulting in reduced downstream EGFR signaling. By contrast, autosomal dominant punctate palmoplantar keratoderma has been associated with mutations in the clathrin-coated vesicle-associated protein AAGAB, leading to reduced EGFR endocytosis and increased EGFR signaling (Pohler et al., 2012) . Similarly, the inherited cutaneous disease tylosis with esophageal cancer is characterized by upregulated ADAM17 activity and EGFR ligand shedding, also resulting in palmoplantar keratoderma (Brooke et al., 2014) .
Finally, the described mutation in this case is located in the extracellular domain III of the EGFR. Therapeutic mAbs targeting the EGFR used for metastatic cancer, such as cetuximab, bind to this domain. The papulopustular eruptions described with mAbs are generally more severe than those caused by EGFR tyrosine kinase domain inhibitors, illustrating the importance of the extracellular domain III in skin homeostasis.
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The authors state no conflict of interest. Hyperpigmentation disorders are generally difficult to treat because of the limited availability of effective therapeutics with minimal side effects. In this issue, Lehraiki et al. report that metformin, an antidiabetic drug, inhibited melanogenesis, in vitro and in vivo, and they suggest that metformin may be used to treat hyperpigmentation disorders. This commentary reviews the molecular mechanisms through which metformin inhibits melanogenesis and examines metformin as a potential drug to treat hyperpigmentation. Metformin suppresses the levels of key melanogenic proteins
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Metformin is an antidiabetic drug that is known to exert biological effects by inhibiting the energy-sensitive AMP-activated protein kinase (AMPK)-mammalian target of rapamycin (Viollet et al., 2012) . Recently, metformin was shown to decrease intracellular levels of cyclic adenosine monophosphate (cAMP) (Miller et al., 2013) . Because cAMP is a well-known modulator of melanin synthesis (melanogenesis), Lehraiki et al. (2014) investigated whether metformin can modulate melanogenesis. When melanocytes were treated with metformin, basal levels of total melanin were reduced significantly. In addition, metformin blocked foreskolin and a-melanocyte-stimulating hormone (a-MSH)-induced increases in the levels of melanin (Lehraiki et al., 2014) . In order to elucidate the mechanisms by which metformin inhibits melanogenesis, the effects of metformin on the levels of three key melanogenic proteins-tyrosinase, tyrosinase-related protein-1 (TRP-1), and tyrosinase-related protein-2 (TRP-2)-were examined using immunoblot analyses. There are two types of melanin: dark, brownblack eumelanin and light, red-yellow sulfur-containing pheomelanin. Synthesis of both types of melanin involves a rate-limiting catalytic step in which the amino acid tyrosine is oxidized by tyrosinase to L-DOPA. This first step is thought to be the critical rate-limiting step in melanogenesis, as inhibition of this reaction blocks melanin synthesis. L-DOPA is then oxidized into DOPAquinone and converted to 5,6-dihydroxyindole or 5,6-dihydroxyindole-2-carboxylic acid by TRP-2. The role of TRP-1 in human melanogenesis is not well characterized, but genetic mutations in TRP-1 in humans result in hypopigmentation, suggesting that TRP-1 has a key role in melanin synthesis (reviewed in Park and Yaar, 2012) . Consistent with the effects of metformin on total levels of melanin, metformin decreased the basal levels of tyrosinase, TRP-1, and TRP-2, and it blocked foreskolin and a-MSH-induced increases in these three key melanogenic proteins (Lehraiki et al., 2014) .
Metformin downregulates the expression of microphthalmia-associated transcription factor (MITF) through a cAMP-dependent pathway MITF, a basic-helix-loop-helix and leucine zipper transcription factor, has been termed the ''master gene'' for melanocyte survival, and it is a key factor regulating transcription of the major melanogenic proteins such as tyrosinase, TRP-1, TRP-2, protein kinase C-b (PKCb), and MART-1 (reviewed in Park and Yaar, 2012) . Moreover, it is well documented that the expression of MITF is upregulated by a cAMP-dependent pathway. When a-MSH binds to its melanocortin 1 receptor, intracellular levels of cAMP are elevated through the activation of the membraneassociated adenylate cyclase enzyme (see Figure 1) . The cAMP-dependent protein kinase A enzyme is then activated, and it translocates to the nucleus and phosphorylates the cAMP-responsive element-binding protein (CREB). CREB then binds its DNA consensus sequence CRE in the promoter region of the MITF gene, thereby inducing MITF transcription (see Figure 1) . Taking advantage of this knowledge, Lehraiki et al. (2014) treated melanocytes with metformin and examined its effects on the intracellular levels of cAMP, activation of protein kinase A, and phosphorylation of CREB, as well as on the levels of MITF. Their results showed that metformin reduced basal levels and inhibited foreskolin-and a-MSH-induced increases in the activities of protein kinase A and CREB phosphorylation, as well as increased cAMP accumulation and the levels of MITF. Thus, the authors concluded that metformin inhibits melanogenesis by downregulating the expression of MITF through a cAMPdependent pathway.
Although the AMPK pathway has not been implicated in regulating melanogenesis, it has been well documented that AMPK is one of the major mediators of metformin's biological effects. Lehraiki and colleagues thus examined a possible role for AMPK in inhibiting melanogenes by metformin. Melanocytes were transfected with control or dominant-negative AMPK, as well as control siRNA or siRNA against AMPK. Interestingly, neither dominant-negative AMPK nor siRNA against AMPK blocked the inhibitory effects of metformin on melanogenesis. These results demonstrated that AMPK is not involved in mediating the inhibitory effects of metformin on melanogenesis.
Studies have shown that Wnt/b-catenin also has an important role in the expression of MITF (Bellei et al., 2010) . Treatment of melanocytes with metformin resulted in downregulation of phosphorylated b-catenin in both basal and forskolin-stimulated conditions, but the transcriptional activity of b-catenin induced by foreskolin was not affected by metformin, suggesting that the Wnt/bcatanin pathway is not involved in mediating the inhibitory effects of metformin on melanogenesis.
Both PKC and cAMP-dependent pathways were implicated in the crosstalk that regulates melanogenesis (Ao et al., 1998) . Endothelin-1 and histamine were also shown to utilize both PKC and cAMP-dependent pathways to exert their regulatory effects on melanocyte function (reviewed in Park and Yaar, 2012) . Therefore, it is possible that metformin utilizes both PKC and cAMP-dependent pathways to exert its biological actions. Indeed, it was shown that metformin could inhibit the activation of PKC-b (Batchuluun et al., 2014) , and PKC-b has been well documented to regulate melanogenesis (reviewed in Park and Yaar, 2012) . PKC is a serine/threonine kinase C that is activated by diacylglycerol, a component cleaved from the plasma membrane when cell surface receptors interact with their ligands. Diacylglycerol induces PKC translocation to membranes, where the latter is activated to
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Metformin downregulates the expression of microphthalmia-associated transcription factor.
Metformin has effects on key melanogenic proteins and signaling pathways.
Metformin is a potential therapeutic agent to treat hyperpigmentation disorders.
induce phosphorylation of serine/ threonine residues on target proteins such as tyrosinase (see Figure 1) . The PKC-b isoform is specifically involved in regulating tyrosinase activity. When activated by diacylglycerol, it interacts with receptor-activated C-kinase and then anchors onto melanosomes, the organelle where melanogenesis occurs, and phosphorylates tyrosinase. Phosphorylation activates tyrosinase (see Figure 1) . Therefore, the decrease in pigmentation caused by metformin and observed by Lehraiki et al. (2014) may also involve the inhibition of tyrosinase activity through the inhibition and activation of PKC-b. MITF has also been shown to regulate the expression of PKC-b (Park et al., 2006) , suggesting that metformin may utilize both cAMP and PKC-dependent pathways to downregulate melanin synthesis.
Metformin decreases pigmentation in vivo Lehraiki et al. (2014) also demonstrated that metformin decreased skin pigmentation in vivo with minimal side effects, suggesting a potential application of metformin in the treatment of hyperpigmentation disorders. When metformin was applied topically onto a mouse tail, whitening of the tail was observed. In addition, metformin decreased the epidermal level of melanin when metformin was applied to human skin punch biopsies and to reconstructed human epidermis. A similar result was reported when bisindolylmaleimide, a PKC inhibitor, was applied topically to mouse skin (Park et al., 2004;  Figure 2 ). These results suggest strongly that inhibition of PKC and/or the cAMPdependent pathway will decrease pigmentation in vivo and thus provide specific targets in the development of novel therapeutics. Figure 2 . Mouse coat color is lightened by bisindolylmaleimide (Bis) treatment. Nine-week-old black mice were depilated to synchronize the hair cycle and initiate a new anagen growth phase. Beginning 3 days later, either 100 mM of Bis (top) or vehicle alone (bottom) was topically applied once a day for 9 days, and the mice were photographed on day 13. Inset: hair from Bis or vehicle-treated areas was plucked on day 13 and photographed under a dissecting microscope. Representative hairs (midshaft, B0.3 mm in length) from 50 hairs plucked from each area are shown (Park et al., 2004 ).
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However, caution should be taken with respect to the chronic use of metformin. MITF has been suggested to be a key transcription factor for the survival and proliferation of melanocytes. MITF was shown to upregulate the expression of a major antiapoptotic protein Bcl2, thus promoting the survival of melanocytes (McGill et al., 2002) . In addition, MITF can induce or suppress the melanocyte growth, depending on the physiological conditions, by modulating the expression of the cell cycle-associated proteins such as kinase Cdk2 and p21, a protein that inhibits Cdk2 activation. Because MITF cooperates with other transcription factors to induce its effects, it is to be expected that these transcription factors would influence MITF activity, resulting in either stimulation or inhibition of melanocyte proliferation (reviewed in Park and Yaar, 2012) . Therefore, prolonged exposure of melanocytes to metformin may alter the proliferation and/or survival of melanocytes. A more ideal drug to inhibit pigmentation might target tyrosinase, an enzyme, or its pathways that function primarily to regulate pigmentation.
